Introduction
Membrane fusion is a process by which two distinct lipid bilayers (membranes) merge their hydrophobic cores to form one interconnected structure. Biological membrane fusion is mediated by the action of integral membrane proteins or membrane-associated proteins. Among fusion proteins, the so-called SNARE proteins play a key role in eukaryotes for vesicle trafficking, secretion, and synchronized neurotransmitter release [1] . Upon Ca 2þ -triggered synaptic vesicle fusion with the plasma membrane, neurotransmitter molecules are released into the synaptic cleft on a sub-millisecond timescale, transmitting messages across the synaptic cleft between two neurons in the central nervous system or across neuromuscular junctions between a neuron and a muscle.
When complete membrane fusion occurs between two lipid bilayers, a fusion pore is created, allowing exchange of content. Such pore formation is generally preceded byDespite this caveat, lipid-mixing assays have been commonly used to study biological membrane fusion [2] since they are relatively easy to perform and fluorescent lipid labeling of membranes can be readily accomplished.
Historically, the first in vitro lipid-mixing assay with SNARE-reconstituted proteoliposomes used a FRET pair consisting of 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD) and rhodamine [3] . Two sets of vesicles were prepared, one set (referred to as v-vesicles in the following) contained synaptobrevin-2, also referred to as VAMP2 (vesicle associated membrane protein 2), while the other set (referred to as t-vesicles in the following) contained syntaxin-1A and SNAP-25A. V-vesicles were labeled with both NBD and rhodamine such that NBD fluorescence was quenched by rhodamine via Förster resonance energy transfer or fluorescence resonance energy transfer (FRET). When t-vesicles were added to v-vesicles, vesicle hemifusion and/or complete fusion diluted labeled v-vesicle lipids with unlabeled t-vesicle lipids via lipid mixing. As a consequence of the dilution, the average inter-dye distance between NBD and rhodamine increased, and the fluorescence emission intensity from NBD increased. The NBD fluorescence recovery was recorded in bulk solution, representing an ensemble average. This pioneering experiment provided the first evidence that SNARE proteins can mediate membrane hemifusion and/or fusion in vitro.
Although an ensemble lipid-mixing assay is relatively easy to perform, it falls short in revealing information about prefusion (docking) and fusion intermediates, and the time scale for full fusion. Moreover, monitoring lipid mixing alone can be misleading since lipid mixing can occur without or with significantly delayed content mixing, that is the exchange or release of aqueous content: for example, neuronal SNAREs alone did not produce much content mixing, although SNAREs readily induced lipid mixing [4, 5] , influenza virusinduced fusion content mixing occurred seconds after initial lipid mixing [6] , and content mixing occurred with minute delay after lipid mixing in vacuolar fusion [7] . We recently found an even more striking difference between content mixing and lipid mixing for Ca 2þ -triggered fusion with SNAREs, full-length synaptotagmin-1, and complexin-1. Through simultaneous observation of both lipid and small content fluorescent dyes, we found that significant lipid mixing can occur seconds before content mixing, or without any content mixing during the observation period of 50 seconds [8] .
Content-mixing measurements have been very difficult to achieve with ensemble-based assays since leakiness of proteoliposomes, aggregation, and vesicle rupture lead to falsepositive fluorescent signals that are not related to genuine fusion. Another major issue with the commonly used lipidmixing ensemble experiments is that they cannot assess the relative contribution of docked & unfused and docked & (hemi-)fused vesicles on the overall fusion kinetics [9] . For example, if a factor would enhance docking, it would also enhance subsequent lipid mixing by increasing the number of docked vesicles, rather than affecting the fusion kinetics itself. It is thus necessary to use a single particle optical microscopy method to resolve this ambiguity [10] [11] [12] . In addition to our single vesicle system [5, 8, 13] (discussed below), other methods have been developed to distinguish docking from fusion: single-particle fluorescence correlation spectroscopy (FCS) lipid-mixing experiments [9] and single-particle alternating laser excitation lipid-mixing experiments [14] .
Boxer and coworkers showed that inner leaflet mixing can occur without complete fusion using an in vitro system where membrane fusion was induced by DNA-zippering [15] . This striking result poses a caveat for assays that rely on innerleaflet lipid-mixing indicators alone to assess complete fusion (i.e. by chemical reduction of the outer leaflet labels), even when they are performed at the single vesicle level. Moreover, conclusions drawn in the absence of content mixing indicators are often incomplete, or in some cases, they do not correlate well with physiological studies [16] . We therefore recommend that vesicle fusion experiments should always employ a content-mixing indicator in addition to or in place of lipid-mixing indicators.
The single vesicle-vesicle lipid/content mixing assay reveals little correlation between lipid and content mixing
To overcome the shortcomings of both the bulk and singlevesicle lipid mixing assays, we developed a single vesiclevesicle method that simultaneously monitors both lipid and content mixing using spectrally distinct fluorescent dyes [5, 8, 13] . We reconstituted the synaptic proteins: synaptotagmin-1 & synaptobrevin-2 and syntaxin-1A & SNAP-25A into two separate populations of liposomes, termed v-and t-vesicles, respectively (Fig. 1A) . Unlabeled acceptor vesicles were tethered to a glass surface, whereas the donor vesicles were labeled with self-quenched lipid dyes (1,1 0 -Dioctadecyl-3,3,3 0 ,3 0 -Tetramethylindodicarbocyanine Perchlorate, DiD) and content dyes (sulforhodamine B). After docking and incubation periods, instances of docked (interacting) v-/t-vesicle pairs were observed by weak fluorescence spots. Upon Ca 2þ injection, characteristic stepwise increases in the fluorescence intensity from two dyes emerged due to hemifusion or complete fusion events. The stepwise increases in fluorescence intensity can be explained by dilution of the particular dyes upon (hemi-)fusion resulting in partial recovery of the respective fluorescence intensities.
Most recently, we have developed a variant of the incubation protocol of our single vesicle-vesicle assay [8] : v-vesicles were incubated at a low concentration for a longer period, followed by Ca 2þ -injection (Fig. 1B , left column). Previously we incubated v-vesicles for a short period of time at high concentration, followed by buffer exchange, and subsequent longer incubation period [5, 13] (Fig. 1B , right column). The new method (Fig. 1B , left column) produces more interactions between surface immobilized t-vesicles and free v-vesicles.
Our single vesicle-vesicle microscopy system allowed us to analyze individual events in real-time by inspection of individual fluorescence time traces. We observed multiple fusion pathways including instances of immediate and delayed instances of content and lipid mixing [8] . As an example, the fluorescence intensity time traces shown in Fig. 2A represent the ''classical'' pathway of membrane fusion involving outer leaflet mixing upon Ca 2þ injection (vertical blue bar), followed by inner leaflet mixing and fusion ( Fig. 2A) second-delay between the two lipid-mixing events suggests a transit through a stable hemifusion membrane intermediate that is most likely a hemifusion diaphragm. For injection at 500 mM Ca 2þ , both lipid and content mixing events occurred, with approximately >50% of the observed events resulting in only lipid mixing over the observation period of 50 seconds (Fig. 2B) . Overall, immediate fusion (a correlate with synchronous neurotransmitter release) was observed in a minority of cases, mimicking the physiological observation that only a subset of synaptic vesicles completely fuse upon Ca 2þ stimulation in caged Ca 2þ photolysis experiments [17] . Our single vesicle-vesicle lipid mixing results are consistent with previous studies that utilised only lipid mixing indicators [18] [19] [20] . However, the large difference between the observed lipid and content dye fluorescence histograms ( Fig. 2B ) again calls into question fusion assays that did not utilize content indicators.
Other single vesicle approaches have been used to detect content mixing, such as a single vesicle-vesicle content mixing assay involving surface-immobilized v-vesicles (with reconstituted synaptotagmin-1) encapsulating large Cy3/Cy5 dual-labeled DNA probes and soluble t-vesicles containing complementary DNAs [21, 22] . Once the fusion pore has sufficiently expanded, the two DNA strands hybridize, and thus, induce a conformational change that reduces the observed FRET efficiency. Through single molecule FRET detection of this conformational change, fusion pore expansion, the very late step of membrane fusion process, could be studied [23] .
Content mixing indicators have also been introduced in recent ensemble assays to study SNARE-mediated fusion, using Ca 2þ ions [24] and sulforhodamine B molecules [25] ; it should be noted that the use of Ca 2þ ions as content indicators is problematic due to leakiness of the membranes [26] . In any case, due to the ensemble character of these experiments, fusion intermediates cannot be discerned, and, as mentioned above, effects due to changes in docking or fusion probability cannot not be distinguished. 
New software automates data analysis for our single vesicle-vesicle fusion system
Due to the small size of the vesicles ($80 nm in diameter) compared to the detection wavelength of TIRF microscopy, the time-series of fluorescence-emission images was analyzed with similar methods as used for single-molecule TIRF microscopy [5, 27] . Fluorescence-intensity time traces for each individual docked vesicle were generated by integrating pixels within a fixed radius from the centroid of each vesicle (i.e. an observed fluorescent spot) within a selected time bin for both lipid and content dyes. Instances of lipid or content mixing were identified by detection of significant step-increases in the corresponding fluorescence intensity time traces.
Step-increase detection is a common problem in time series analysis. Several techniques have been developed in order to automatically and reliably detect step increase in noisy signal traces, including global methods such as wavelet analysis [28] and total variation de-noising [29] . Other methods use local sliding window methods such as the Student's t-test method or nonlinear filtering. To apply these techniques, one should consider the nature of the observed data and the underlying physics of the observed processes. A particular example is the detection of cantilever step increase in atomic force microscopy (AFM) force curves [30] .
In our single vesicle-vesicle assay, the fluorescence intensities are relatively stable before and after lipid-or content-mixing events (Fig. 3) . The apparent life-time of the dyes used in our assay is in the order of several minutes which is significant longer than the data acquisition time window of about 50 seconds. Hence we used a local sliding window approach by calculating the difference in the average fluorescence intensity level over a fixed size local window before and after a particular time point. We defined a mixing event as a local maximum of these differences as a function of time when the difference exceeded a selected threshold. The threshold was selected as a multiple of the local noise level, s, before and after the step increase (Fig. 3,  red lines) . We detected a step-increase by using the following inequality, -triggered lipid-(bottom) and content-(top) mixing events for the system consisting of neuronal SNAREs and synaptotagmin-1 using 500 msec time binning for one of multiple experiments (histograms were generated from 321 individual traces). Events during a 7.5-seconds period before Ca 2þ injection are also shown (if any). Time t ¼ 0 corresponds to the instance of 500 mM Ca Here x i refers to the trace intensity indexed by frame number i and n is the size of local sliding window, s À and s þ refer to the standard deviation before and after the testing time point, h th is an arbitrary dimensionless threshold to differentiate real jumps from noise fluctuations. We typically used a sliding window size of $3 seconds and a threshold of 2s. Due to the smaller number of data points in the sliding window, the Wald-Wolfowitz test [31] can be used to reject false positives caused by monotonicity or periodicity in the local data. The Wald-Wolfowitz test (also known as the ''Runs test'') was used to test the randomness of intensity fluctuations for both the local window before and after selected time points. We rejected time points where the test failed both before and after a particular time point with a given threshold of significance in the Z direction.
Since content mixing is the true indicator of complete membrane fusion, monitoring just content dye fluorescence without a lipid mixing indicator is sufficient to study fusion [32] , although in this simpler version of the experiment one is unable to determine the initial state of the membrane before Ca 2þ -injection (that is, docked vs. hemifused). We automated the detection of contentmixing instances using the definition of step-increase as described in the previous paragraph. Histograms of the observed content mixing instances were then automatically generated in order to obtain information about fusion kinetics. We observed that the majority of the docked vesicles did not proceed to full fusion upon injection of 250-500 mM Ca 2þ [8] , resulting in relatively noisy histograms obtained from a single field of view. A post synchronization technique [33] was therefore used in order to combine the results from multiple fields of view to generate better-defined histograms.
Lipid-mixing event detection can be performed with a similar method. However, due to the possibility of multiple step increases in one single time trace, i.e. outer leaflet mixing, followed by inner leaflet mixing, full automation requires both lipid and content dye fluorescence intensity time traces for a particular vesicle-vesicle pair.
Cryo-electron microscopy provides quantitative analysis of vesicle fusion
Electron microscopy (EM) has been used to study synaptic vesicles since the early days of molecular neurobiology. Early work mainly focused on the localizations and morphologies of synaptic vesicles under various conditions [34, 35] . In such cases, samples were directly dissected from tissues followed by fixation, staining, embedment and section. EM has also been used to examine the components of differential centrifugation experiments, which resulted in methods to isolate socalled synaptosomes from brain extracts [36] . Using antibody labeling and electron microscopy, the synaptic protein synaptobrevin (VAMP) was identified and characterized [37] . More recent work used labeling with a photo-convertible fluorescent dye and serial thin sections to generate a three-dimensional reconstruction of the synapse. Combined with quantitative analysis, different populations of synaptic vesicles at hippocampal synapses were identified [38] .
Most of the studies mentioned above used negative-staining EM. This method has also been used for studies of vesicle fusion using vesicles derived from in vitro reconstitution. A typical application of negative-staining EM allows one to monitor large morphological changes of vesicles under various conditions [39] [40] [41] [42] . However, it is known that negative staining may cause artifacts due to the necessary dehydration step as well as the stain introduced [43, 44] . The resulting deformations of synaptic vesicles are sometimes quite significant [40, 42] . Therefore, negative-staining EM should be used with caution when studying vesicles.
With the advent of cryo-EM, samples can be embedded into vitreous ice without dehydration. Together with the low dose mode of modern electron microscopes, the radiation damage can be significantly limited, leading to atomic resolution in some cases [45] . Cryo-EM has been applied to study SNARE-mediated vesicle fusion [5, 19, [46] [47] [48] . Vesicles embedded in vitreous ice were not deformed, allowing low-resolution visualization of membrane morphology and protein density [46, 48] . Furthermore, measurements of vesicle diameters are possible with cryo-EM, and can be used to indicate the occurrence of fusion based on size distributions [5, 47] .
Two recent studies used cryo-EM for quantitative analysis of vesicle fusion [8, 49] . The most prominent features of lipid membranes are the electron-dense head groups, rich in phosphorous atoms, which appear as high contrast dark lines when observed on end. A liposome bilayer membrane appears as two parallel black lines at its circumference. When mixed together, reconstituted vesicles with synaptic proteins involved in vesicle fusion formed several types of interfaces based on the number of dark lines and their respective distance at the interface [8] (Fig. 4): (1) Point contact: Close apposition between two vesicles with a distance of 1-5 nm between bilayers, without merging or membrane deformation. The observed interface was typically 10 nm along the membrane direction. (2) Hemifusion diaphragm: Extended (>10 nm along membrane) double-layer (two lines) contact between two vesicles, accompanied by flattening at the interface. For the quantitative interface analysis, the interfaces were selected individually using ''boxer'' feature in EMAN [50] and measured for both before and after Ca 2þ addition, respectively. The images were then related to real-time monitoring of single vesicle-vesicle fusion, providing complementary information to the fluorescence intensity traces. In particular, the relative abundance of each type of interface was determined for the time point that the vesicles were flash-frozen for cryo-EM. This quantitative analysis of vesicle interfaces was performed by visual inspection of many ($30) EM micrographs, all taken in the same condition, producing statistically significant results.
With cryo-EM micrographs, it is also possible to determine the distance between the membranes measured from two-dimensional density profiles of the EM images. It is expected that the distance is dependent on synaptic proteins, including SNAREs, synaptotagmin and complexin. As a first attempt, models of proteins were fitted into the putative density observed in some of the EM images and provided a first glimpse of the minimal Ca 2þ -triggered fusion machinery consisting of neuronal SNAREs and synaptotagmin-1 [8] .
A follow-up study would systematically evaluate the populations of different interfaces with combinations of various regulatory proteins, reagents, and conditions. Measuring distances between membranes for each type of membrane interface may reveal the intricate regulatory roles of different synaptic proteins. Clearly, the development of automatic image processing will be critical in order to reduce human bias and reduce the time required to analyze the EM micrographs. Another promising direction would be to obtain an image of the fusion machine at the fusion junction by threedimensional tomography. Although the proteins involved in fusion are generally small and difficult to visualize, highresolution structural information from crystallography [51, 52] as well as single molecule fluorescence resonance energy transfer experiments (smFRET) [53] could be combined with EM tomograms to obtain a hybrid model of the vesicle fusion machinery before and after fusion. Furthermore, with future advances in technology, we expect that higher resolution images can be obtained by cryo-EM.
Conclusions and outlook: Extension of the Ca 2þ delivery method for mimicking trains of action potentials
In vitro protein-reconstituted proteoliposome assays are commonly used to study SNARE-mediated membrane fusion. However, many ensemble and single-vesicle experiments have been performed with lipid mixing, but not content mixing, indicators. Through a combination of advanced singlemolecule technique and cryo-EM, we found that there is no direct correlation between lipid and content mixing in Ca 2þ -triggered fast fusion. Lipid mixing events can occur seconds before content mixing, or in many cases, no content mixing [8] . Our results suggest that protein-reconstituted proteoliposome experiments for fast fusion should always employ content-mixing indicators in addition to, or in place of, lipid-mixing indicators.
Fast fusion events and metastable membrane fusion intermediates are expected to occur upon a Ca 2þ spike during an action potential. Normally, synaptic release sites comprise a readily releasable pool of 200-300 vesicles, with a probability per action potential ranging from 0.05 to 0.9 that a synaptic vesicle will fuse [54, 55] . In addition to up-stream regulation, such as the synaptic vesicle reserve pool, these Ca 2þ -triggered intermediates might serve as a tuning mechanism to ensure a sufficient number of release events per subsequent action potential. Such a buffering mechanism could mediate synaptic activity before using the reserve pool upon a high level of synaptic stimulation [54, 56] . Moreover, preventing the occurrence of metastable intermediates upon Ca 2þ influx could be a possible regulatory function of other factors during fast Ca 2þ -triggered membrane fusion. Downstream buffering via metastable fusion intermediates suggests a mechanism for providing a sufficient number of readily releasable synaptic vesicles while preserving the reserve pool.
In order to study the molecular mechanism of a series of fusion events triggered by Ca 2þ in vitro, besides a one-step Ca 2þ concentration profile, other Ca 2þ -concentration profiles, such as a multi-step function and a step function with increasing concentration (Fig. 5) , should be developed. Such Ca 2þ -concentration profiles could be accomplished by using microfluidic techniques. Our single vesicle-vesicle assay could then be used to mimic trains of action potentials in neurons. With such developments, combined with fast imaging techniques to enable measurement of the rise time, similar to those used in recent studies of virus fusion [57, 58] , we hope to obtain a ''molecular movie'' of Ca 2þ -triggered membrane fusion on a millisecond time scale. Shown are a onestep function, a multi-step function, a step function with increasing concentration, a short pulse, and multiple short pulses.
